We present the fabrication of microstructures for photonic and micro-/opto-fluidic applications using femtosecond laser 3D direct writing technique in zirconium-based sol-gel hybrid resist. The advantages and mechanism of photo-polymerization of this new material under fs-pulsed laser exposure are discussed. We suggest and achieve a novel method to fabricate free-standing and movable photonic microstructures, which exhibit much less distortion than the conventional structures attached to substrates, especially when made at close to the photopolymerization threshold. Fabrication of free-movable structures allows us to quantitatively study the shrinkage of photoresist and to improve the resolution. It also contributes to tuning the stop band position of photonic crystals to shorter wavelength. Furthermore, the demonstrated freely-movable property makes it possible to laser trap and manipulate photonic microstructures and have potential application in optofluidics and bio-applications.
INTRODUCTION
Femtosecond laser assisted photopolymerization and its application in micro/nano-fabrication have attracted much attention since the end of last century. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Among these studies, direct laser writing (DLW) is an attractive approach, and it is usually refereed as the use of ultrashort laser pulses to directly record three-dimensinoal (3D) microstructures in photo-polymers: resists and resins developed decades ago for stereo-lithography. Actually, the materials for DLW technique are not limited in photo-polymer, can be extending for other transparent dielectric materials, such as glass. 13, 14 Because of its intrinsic patterning capability benefited from the involved nonlinear absorption, typically two-photon absorption, no limitation is imposed on the type of structure that can be produced. Various types of micro-optical and mechanical components such as Fresnel zone plates, 15 photonic crystals, 3, 10 micro-rotators, 16 and micro-valves 17, 18 have been achieved using this technique. DLW also allows precise introduction of intentional defects into the peroodic microstructures, which is very important for the incorporation of waveguide or microvity into the photonic crystals for abundant photonic functionalities. 19, 20 Before, the most used photopolymers were based of acrylate-or epoxy-based organic resins, among which SU-8 was a good candidate since larger volumetric structures could be fabricated. [7] [8] [9] [10] [11] Different from the organic resins, a new class of sol-gel organic-inorganic hybrid photoresist has been developed. Benefited from straightforward sample preparation, high optical quality, good mechanical and chemical stability, sol-gel materials have been used in the fabrication of abundant microstructures such as micro-models 6 and photonics crystals. 6, 12 Furthermore, its non-toxic property makes it promising for the applications in bio-/micro-fluidic applications. Also, it can gain high nonlinearity and thus make it possible to fabricate electro-optically microdevices by incorporating nonlinear optical chromophores into sol-gels materials. 21 As we know, commonly used photosensitive materials exhibit shrinkage, which is a very important issue for photopolymerized microstructured and sometime can lead to the severe distortion of the fabricated structures. The newly reported zirconium-based sol-gel materials have been shown to have less shrinkage. 22 However, when the used pulse energy is close to the polymerization threshold, the shrinkage is still unavoidable.
12 But we might be able to make use of the shrinkage to improve the structural resolution, if it is uniform.
In the present work, we present the fabrication of photonic crystals (as an example of photonic microstructures) using femtosecond laser 3D direct writing technique in zirconium-based sol-gel hybrid resist which is a 20/80 zirconium-silicon/methacrylate sol-gel, containing 4,4'-bis (diethylaminobenzophenone) as a photoinitiator. This material is also named SZ2080. The advantages and mechanism of photo-polymerization of this new material under fs-pulsed laser exposure are discussed. And we present a novel method to fabricate free-standing and movable photonic microstructures. The freestanding polymerized microstructures are enclosed in a meshcage. With the freestanding geometry the shrinkage exhibits more uniform and we can evaluate the shrinkage more intuitively. Because of the uniform shrinkage, the structures' dimension is reduced and the structural resolution is improved. The stop band position can be accordingly scaled down, which is highly desirable and constantly sought goal for many proposed fabrication schemes. Furthermore, we demonstrate the fabricated freestanding photonic crystals are indeed movable in liquid environment. The freely movable property enable them to have significant potential in optofluidic applications for laser trapping and manipulation [23] [24] [25] as freely-movable 3D micro-objects with encoded photonic functions. Figure 1 shows the sketch map of the experimental setup for the fabrication of 3D microstructures in photoresist. We used a chirped pulsed amplification (CPA) Ti: Sapphire femtosecond laser (Hurricane, Spectra Physics), which delivered 150 fs pulses with central wavelength of 800 nm at 1 kHz. Before the laser beam was guided into an optical microscope (Olympus IX71), it passed through a telescope (not shown here) to expand and collimate the beam. Inside the microscope, the laser beam was directed by a dichroic mirror (DM) and then focused by an oil-immersion objective lens (magnification 60×, numerical aperture = 1.42) along z direction. The sample, in this study which was photoresist supported by a 170 m-thick glass substrate, was mounted on a piezoelectric transducer-controlled 3D translation stage (x-y: P-517.2CL, and z: P-518.ZCL, from Physik Instrumente). The stage had a travel range of 100 m and an accuracy of ∼ 2 nm for all axes. Any 3-D structures whose dimensions were within 100 × 100 × 100 m 3 could be pattered by pre-programming into the stage. 
EXPERIMENTAL SETUP

MATERIALS AND FABRICATED PHOTONIC CRYSTALS
The photoresist we used in this study was inorganic-organic sol-gel hybrid resist from the Laser Zentrum Hannover in Germany. It was synthesised by sol-gel process, where inorganic-oxidic units were connected to rganic moieties on a molecular level. There were virous kinds of hybrid photonegative materials dependent on different incorporation element and different component ratio. We employed SZ2080, which was a 20 : 80 mixture of zirconium-silicon with methacrylate, and in which 4,4'-bis (diethylaminobenzophenone) was a photoinitiator. Sample preparation was quite straightforward: drop-cast the SZ2080 solution onto 170 m-thick glass substrates and bake it at 100 ∘ C for about 1-2 hours before exposure to condense the moieties and remove any residual solvent. The refractive index of the material was measured to be 1.50. During the fabrication the structured pattered could be on-line monitored by a video camera (VM in Fig. 1 ), since there was a small refractive index change after laser irradiation. This is an additional advantage of this material rather than the commonly used SU-8 resist. After the laser exposure, the sample was developed in tetrahydrofuran (THF) for 10-20 minutes and rinsed in isopropanol (IPA)for 1 minute. The post-exposure baking stage, which was critical for some other resists, e.g., SU-8, was not required for this material. Since it was a negative-tone resist, after development the materials with laser irradiation were remained and the pattered structures were formed. A field emission scanning electron microscope (SEM)(JSM-6700FT, JEOL) was used to visual inspect the fabricated structures. Typical SEM images of the fabricated photonic crystal is shown in Fig. 3 . It exhibits both 3D side-view and top-view of a square spiral photonic crystal fabricated at 4.5nJ (the pulse energy specified in the text was measured at the entrance of microscope and was approximately twice larger than that at the irradiation spot). The photonic crystal is attached on the substrate and shows good periodic. The structural quality also looks quite good. Additionally, a so-called template inversion method has been proposed to achieve fully opened 3-D Photonic band gap with high refractive index semiconductor, and some attempts have been carried out to fabricate metallic photonic crystals by coating on the polymeric templates. This sol-gel hybrid material is a good candidate for template fabrication. Since SZ2080 is a quite new photoresist, it is worth arguing the mechanism of the photopolymerization irradiated by near infrared femtoseond laser pulses. Figure 4 presents the absorption spectrum of the material. It is completely transparent in the spectral region 450-900nm, but it starts to absorb strongly below 420 nm. It excludes linear (one-photon) absorption and make two-photon absorption occur, when the 800nm Ti:Sapphire femtosecond laser is used. Thus, two-photon polymerization has been thought the dominant mechanism in this kind of material.
12, 21 But we also note that the width of the fabricated structure arm is linear dependent on the incident pulse energy especially when it is above 4 nJ. The intensity at the focal position was in the range of 10 12 to 10 13 W/cm 2 . At such high intensity, avalanche is able to occurs in solid. When the pulse duration is longer than 100 fs, avalanche usually dominates the absorption of the photons. Because of the linear dependence of avalanche rate on laser intensity, if avalanche is a dominate process here, the linear dependence of structural width on laser energy gets more reasonable. It is also consistent with a typical ∼TW/cm 2 irradiance at which a dielectric breakdown, driven by avalanche, takes place in plastic dielectrics. 27 Thus, we might suggest that twophoton absorption can occur, but at higher irradiance the rate of avalanche ionization becomes larger than that of two-photon 28 and dominates the photopolymerization mechanism. In later case, the two-photon absorption might mainly contribute to the formation of seed carriers to initiate the avalanche. We will find out details about the mechanism latter.
FABRICATION AND CHARACTERIZATION OF FREESTANDING PHOTONIC CRYSTALS
Most of the photonic microstructures fabricated in photoresists were attached to substrates, like that in fig. 3 . Here, we aim at fabricating freestanding and freely-movable 3D photonic microstructures in cages. First, we pattered cages to house the freestanding structures. Each cage comprised of one top mesh and eight supporting columns. The top mesh was made of two-layer woodpile planes with side length of 80 m. The spacing of the mesh was 4 m with the two layers slightly displaced for a better linking and strength of the mesh. Eight The bottoms of the eight columns were attached onto the substrate, while the top mesh was 22 m above the subtrate, so that the mesh were supported by the columns forming a cage. After the cages were recorded, we fabricated photonic crystals inside cages with the bottom surface of the structure at least 5 m above the substrates and the top surface under the meshes. fig. 5(b) , the resultant photonic crystal after the development and rinse had already moved from its original location. We are further demonstrating the movable property, as shown in Fig. 6 . After development and rinse, we kept the sample in the rinse solution (IPA) for optical imaging. Figure 6(a) shows an image of a typical freestanding photonic crystal inside a cage. While the same freestanding structure is shown shifted from the last position due to drying front entering the cage. Finally, when it's dried out, the structure moved to another position as present in (c). After repeated IPA immersion the structure moved each time. We also employed laser-tweezers to move the structure when it was in solution. The laser-tweezers setup was the same as that in our previous studies, 25 where 1064nm YAG laser was used. The similar phenomena as presented in Fig. 6 can be found in Fig. 7 : the freestanding photonic crystal is moveable as seen from (a) to (c). But in this case it happens only with the the laser-tweezers were on. That is, when the laser-tweezers was on we transfered the stage that hold the sample, the freestanding structure could move roughly following the focal spot of the trapping laser. While when the laser-tweezers were off, it kept static relative to the cage. A small live video can be found in on-line supplement. Even though trapping and movement was not possible for the tested 40 × 40 × 10 m 3 photonic crystal by the current laser tweezers with focal spot ∼ in cross section, the pushing and pulling for distance up to 10 m was realized. Potential applications where moveable photonic SZ2080 has been demonstrated that the SZ2080 resist has low shrinkage, which was confirmed in our experiments when appropriate pulse energy (typical larger than 4 nJ) was used. However, when we decreased the pulse energy in order to achieve better structural resolution (smaller structural width), the shrinkage problem was still critical, especially at close-to-threshold laser irradiance. For those conventional structures attached to the substrates, they experience uniform shrinkage because of their bottom surface were fixed, exhibiting obvious distortion or collapsed (even washed out) as shown in Fig. 8 . While, for those freestanding structures, they can experience much more uniform shrinkage because of no restriction during the development process till the pulse energy decreased to 2.8nJ. Figure 9 presents the SEM images of the fabricated square spiral photonic crystals at three different pulse energy. From (a) to (c), it's very obvious that the size of the photonic crystal becomes smaller and smaller, while no distinct distortion can be observed. The freestanding woodpile photonic crystals fabricated at the same irradiation condition were found to have similar uniform shrinkage. It means that shrinkage is uniform with the freestanding geometry. Note that when the pulse energy is below 2.8nJ, the distortion also occurs because of much weaker stiffness; and no structures can be recovered when the pulse energy becomes smaller than 2.5 nJ, which is thought to be a photopolymerization threshold.
If we compare the actual dimensions of the freestandng photonic crystals with the designed values, it's easy to quantitatively measure the shrinkage. The shrinkage can be defined as ( 0 − )/ 0 where and 0 are the measured structure width and the corresponding design value, respectively. We plot the pulse energy dependent shrinkage in Fig. 10 . For both square spiral structures and woodpile structures, the measured shrinkage is almost neglectable when the pulse energy is about twice larger of the polymerization threshold. While with the decrease of the pulse energy the shrinkage becomes obvious. For both geometries, the shrinkage can reach around 20% at the pulse energy of 2.8 nJ. This means that it is possible to reduce of dimensions of the structures uniformly by 20%, as well as to improve the structural resolution by 20% making use of the shrinkage. Thus, this technique of fabricating freestanding microstructures is useful for improvement of resolution of micro/nano polymerized structures. Obviously, by using super-critical drier the capillary forces can be avoided and resolution can be further improved. The origin of the shrinkage at low pulse energy is thought to be the collapse of the material at molecule level during the development process because of not fully cross-linked polymer.
12 It is also noteworthy that the Young modulus is correspondingly smaller and the less cross-linked structures can find applications where tunability of elastic properties is required. 29 In addition, the square spiral photonic crustals have larger shrinkage than the woodpile structures within the pulse energy 3.1 to 4.0 nJ. The reason for this discrepancy is still not very clear. But we suspect the different structure network affects the development process and thus leads to different shrinkage.
Scaling down the stop band gaps towards short wavelengths in visible region is highly desirable for some application purposes. Making using of the uniform property, the fabrication of the freestanding photonic crystal might afford an alternative way. We measured the reflection spectra of the freestanding photonic crystals by a Fourier transform infrared (FTIR) spectroscopy equipped with an infrared microscope attachment (FT/IR-6000TM-M, JASCO). For an example, the reflection spectrum of the freestanding woodpile photonic crystal with the largest shrinkage of 20% is shown in Fig. 11 (Curve a) . The spectrum was measured in the direction perpendicular to the substrate with unpolarized beam, and it showed the formation of photonic stop band around 1.3 m. For comparison, FDTD simulations were also carried out. The simulation with the designed parameters is plotted as Curve c in Fig. 11 , while that taking into the shrinkage is shown as Curve b in the same figure. It is obvious that the measured stop band position is in a good agreement with the simulation, except for the measured reflection at the stop band position is considerably lower and slightly wider as compared to the theoretical estimation. This is mainly caused by the comparatively large span of inicidence angles for to the used Cassegrainian objective lens in the FTIR system while simulations were carried out of a normally incident planar wave. 30 It also clearly shows that there is a large blue shift (from 1.6 m to 1.3 m) compared to the simulation at the designed parameters. An experimental curve of the corresponding conventional structure (attached onto the substrate) fabricated at the same energy should be present for comparison. Unfortunately, that structure was usually with huge distortion or even not survived as explained before. But just from the current results, we already can conclude that the fabrication of freestanding photonic crystals in photoresist affords a good approach to achieve shorter stop band wavelength. By further reducing the designed parameters and finely controlling the pulse energy, the stop band position can be expected to become shorter.
CONCLUSION
We have reported femtosecond direct laser writing of freestanding photonic crystals inside cages with sol-gel hybrid SZ2080 resist. The hybrid material was explored to have many advantages and the polymerization mechanism was discussed, where we proposed avalanche might occur in the laser writing. The properties of the freestanding geometries were presented. First, the freestanding structures were demonstrated to be really freely-movable in soultion environment, which would enable people to laser trap and manipulate photonic microstructures and have potential application in optofluidics and bio-applications. Secndly, very uniform shrinkage was present for freestanding photonic crystals. It allowed us to evaluate the shrinkage of the used photoresist. Furthermore, the shift of the stop band position towards shorter wavelength was achieved resulting from the uniform shrinkage.
